This paper presents a brief overview of the current research issues in laser ablation for chemical analysis, discusses several fundamental studies of laser ablation using time-resolved shadowgraph and spectroscopic imaging, and describes recent data using femtosecond ablation sampling for ICP-MS and LIBS. This manuscript represents a summary of the plenary lecture presented at the 2004 Winter Conference on Plasma Spectrochemistry.
Introduction-overview
Laser ablation is becoming the leading technology for direct solid sample chemical analysis. The 2004 Winter Plasma Conference on Plasma Spectrochemistry included dedicated sessions to laser ablation, as well as a significant number of poster contributions. Laser ablation is one of the few technologies that operates at atmospheric pressure and can be used to analyze any sample. Without the need for complicated acid digestion, laser ablation is easier, less expensive and safer than conventional liquid nebulization. Laser ablation can provide rapid chemical analysis either in the laboratory or in the field.
In our world, laser ablation refers to sampling for chemical analysis. However, a search of Current Contents using the key phrase 'laser ablation' provides approximately 1000 hits for each year over the past ten years. Only about 10% of these papers are related to chemical analysis. Laser ablation is used by the materials community for fabricating thin films, including semiconductor, superconductor, and giant magneto-resistive materials. Another area of laser ablation is the fabrication of nanomaterials. Other studies and applications of laser ablation can be found in medicine, micromachining, military, and X-ray lasers.
The analytical community is actively studying the parameters (laser, sample and detector) influencing analytical performance. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Many of these current issues were addressed when laser ablation initially was studied in the early 1980s for chemical analysis. There was a tremendous body of literature on laser ablation using other excitation sources before ICP-MS. High-voltage sparks, 11 microwave plasmas, 12 direct current plasmas, 13 graphite furnaces 14 and ICP-AES have been used as excitation sources with laser ablation. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Today, the two prevalent laser ablation technologies for solid sampling are inductively coupled plasma mass spectrometry (LA-ICP-MS) and laser-induced breakdown spectrometry (LIBS). For both these technologies, a focused laser beam converts a tiny portion of a solid sample into a vaporphase aerosol. For ICP-MS, the ideal aerosol would be comprised of small uniform-sized particles that could be entrained and transported efficiently to the ICP. For LIBS, the ideal vapor would be spectrally excited atomic and ionic species. Fundamentally, both vapor forms could be produced, and are established by the experimental parameters. The ideal parameters for LIBS may not be ideal for ICP-MS.
The properties of the laser beam that influence ablation are pulse duration, energy, wavelength, and spatial energy profile. The irradiance (energy per unit time and area) plays the dominant role in defining the quantity and chemistry (fractionation) of the ablated aerosol. The research studying laser properties is based on the need to ablate samples without matrix dependence and without fractionation (ablated mass vapor is not chemically equal to the original sample). [8] [9] [10] [25] [26] [27] [28] [29] [30] Understanding and eliminating elemental fractionation has been one of the most significant research agendas in laser ablation sampling. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] It is important to point out that the occurrence of fractionation does not preclude the use of laserablation sampling for accurate chemical analysis: numerous successful applications have been demonstrated. [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] Fractionation is a function of laser beam properties (irradiance, pulse duration, wavelength). The wavelength effect on fractionation is of great interest. 33, 34, 37, 40, [51] [52] [53] In general, shorter wavelengths reduce fractionation. However, fractionation can be increased or reduced using all wavelengths if the respective lasers have enough variability of parameters (energy, irradiance). Fractionation can be described in two ways, non-stoichiometric ablation from a single laser pulse, or the time dependent change in elemental ratio as a crater is formed during repetitive laser pulsing at one sample location. Fractionation is not due to laser ablation alone, as fractionation can and does occur during transport and in the ICP-MS. [54] [55] [56] Ablation does not necessarily produce the same amount of mass from each laser pulse, and the particle size distribution can change from pulse to pulse. Each of these effects will influence precision. We define two types of precision using laser ablation, internal and external. Internal precision is defined as the reproducibility of ablating and analyzing a homogeneous sample, using a repetitive pulsed laser at a fixed position. External precision is defined as the reproducibility of ablating different locations on a sample. As a correlation to liquid sample introduction, internal precision would be related to nebulization stability of a given solution. External stability would be related to nebulization of several similar solutions.
Commercial laser ablation systems for chemical analysis utilize nanosecond-pulsed Nd:YAG or excimer lasers, although a current research trend is the investigation of picosecond and femtosecond pulses. [57] [58] [59] [60] [61] [62] In general, greater ablation efficiency (amount of mass removed per unit energy), reduced plasma shielding, and reduced fractionation are realized by using short laser wavelengths (UV) and short laser-pulse durations. For picosecond and femtosecond lasers, the pulse duration can be comparable to or shorter than the phonon relaxation time, i.e., the laser energy can be deposited into the material before it can thermally equilibrate. Ideally, this type of interaction will lead to more of a photo-physical bond breaking process instead of classical melting, boiling, and vaporization. A goal of using short laser pulses is to ablate the entire optical and heat-affected volumes so that elemental migration and fractionation are negligible. In addition, the short pulse regime may be less susceptible to the material's properties, thereby providing matrix-independent sampling.
Fundamental studies using imaging
The graph in Fig. 1 demonstrates the non-linearity of ablation based on laser irradiance, with two measurement examples. 63, 64 The slopes and inflection points in the graph Fig. 1 A, Representation of non-linear laser ablation behaviour as a function of the laser beam fluence/irradiance. 63 B, Measurements of laserinduced plasma temperature and electron number density. 64 C, Measurement of the crater depth (log scale). 64 depend on the laser and sample properties. Non-linear behaviour has been measured for plasma temperature, ICP-MS intensity, shockwave energy in the sample and plume, and crater volumes. Such non-linear behaviours have been known since the 1960s. 24, 63, 65, 66 Different mechanisms have been proposed to describe ablation in each of these regions. For example, region 1 may be dominated by thermal effects, region 2 by plasma absorption, region 3 by phase explosion, and region 4 by high energy plasma. [67] [68] [69] [70] The mass ablation rate, plasma temperature, particle size distribution, and particle chemistry will be different in each of these regions. It is well know that the laser-beam wavelength influences the ablation process. 33, 34, 37, 40, [51] [52] [53] 71 However, ablation depends significantly on the irradiance, not just wavelength. Similarly, the gas ambient may or may not influence ablation; an enhancement or depression may be measured depending on the irradiance. 67, 68, [72] [73] [74] [75] Probably the biggest emphasis today is the particle size distribution. The number of particles and their size distribution also depends on the laser irradiance, as well as wavelength, fluence, ambient gas and pressure, and properties of the sample. 24, 31, 35, 36, 55, [67] [68] [69] [76] [77] [78] The particle influence on fractionation and analytical performance is a critical area that needs to be thoroughly investigated. Fig. 2 shows an experimental system for studying (nonlinear) fundamental laser ablation processes. Depending on the lasers and configuration, femtosecond time resolution imaging of the 'plume' in (transparent sample only) or above a sample surface is possible. 79 One laser beam is used to ablate the sample (target) and a second beam is used as a time-resolved probe to image events during/after the ablation process. As configured, the system also forms an interferometer at the sample, providing the capability for determining the number density of species in the plume. 80 Fig. 3 shows images of shockwaves and particles measured using the system in Fig. 2 . 81 Each of the images represents the sample surface (bottom dark portion) and the ambient approximately 500 microns above. This example shows shockwave propagation in time as well as the release of particles after a few hundred nanoseconds. However, large particles are only observed in Fig. 3b , when the irradiance is above a certain threshold (for example, threshold 3 in Fig. 1) . 81 Time-resolved imaging systems have provided fundamental studies of electrons, atomic/ionic mass and particles for various samples and lasers.
Femtosecond versus nanosecond ablation
There are compelling reasons to delve into the ultrafast regime for ablation-differences in the laser-sample and the laserplasma interactions. Ultrafast (femtosecond) lasers offer very high photon intensities (w10 15 W cm
22
) with a pulse duration (femtoseconds) shorter than many fundamental time scales (phonon vibrations). Laser ablation on the femtosecond time scale is predominantly non-thermal, offering the potential to eliminate fractionation and matrix dependence. Femtosecond ablation provides less sample heating, no laser-plasma interaction and smaller aerosol particle sizes. 82 Comparative LIBS and ICP-MS studies using femtosecond and nanosecond lasers were performed using samples of NIST glasses, geological materials and alloys. 83 For these comparison studies, the laser energy per pulse and focused spot size on the sample surface were the same: the laser irradiance was the only difference. The data in Figs. 4 and 5 show the improvements in the ICP-MS analysis of brass alloys and NIST silicate glasses. Significant improvements in analytical performance can be seen. Precision and accuracy were improved by using femtosecond laser ablation for both classes of samples. For the brass alloy, the spikes due to larger particles were almost completely eliminated. Internal and external precision were improved using repetitive pulsed femtosecond laser ablation. 83 The analytical capabilities of LIBS are determined by the plasma properties, which depend on experimental parameters, including the laser pulse (energy, duration, repetition rate and wavelength), the sample (physical and optical), and ambient atmosphere (gas, pressure). Several studies have explored the use of ultrashort (ps and fs) pulsed lasers for LIBS. 62, [84] [85] [86] [87] [88] The spatial extent, growth and decay of ionic and atomic emission lines were significantly different for femtosecond LIBS. Plasma temperature and electron number density are shown for femtosecond and nanosecond pulsed LIBS (Fig. 6) . 89 The emission lifetime of spectral Fig. 4 ICP-MS behaviour for nanosecond and femtosecond ablation. A, Zn, Cu, and Zn/Cu ratio as a function of time. 82 B, Isotopic and elemental precision for silicate glasses and geological samples. 83 lines was at least an order of magnitude shorter and the continuum background was significantly lower than that from nanosecond induced plasmas. The femtosecond-induced plasma was cooler and expanded more rapidly because it was not influenced by absorption of the laser beam.
Conclusion
Laser ablation for chemical analysis is currently the leading technology for direct solid sampling at atmospheric pressure. The fundamental issues may seem ominous, but they do not preclude the application of laser ablation. There have been tremendous advancements in laser ablation sampling for chemical analysis. Current studies are concentrating on particles, with emphasis on laser ablation, transport, and ICP-MS behaviour. Femtosecond laser pulses are showing promise in achieving matrix independence and the elimination of fractionation.
Most results in the literature are based on a particular instrument; it is a risk to make broad general claims about the fundamental mechanisms responsible for specific data. New studies based on modelling are needed to better define and predict the ablation process. 90 Decades of research have been required to develop nebulizers and sample introduction systems, in addition to the chemistry required for acid dissolution of solid samples. Laser ablation is a simpler and safer technology. 
